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Recently, in-plane biaxial hyperbolicity has been observed in α-MoO3 –a van der Waal crystal– in
the mid-infrared frequency regime. Here, we present a comprehensive theoretical analysis of thin film
α-MoO3 for application to two mid-IR photonic devices – a polarizer and a waveplate. We show the
possibility of a significant reduction in the device footprint while maintaining an enormous extinction
ratio from α-MoO3 based polarizers in comparison with that of conventional polarizers. Secondly, we
carry out device optimization of α-MoO3 thin-film based waveplates with subwavelength thickness.
We explain our results using natural in-plane hyperbolicity of α-MoO3 via analytical and full wave
electromagnetic simulations. This work will build a foundation for miniaturization of mid-infrared
photonic devices by exploiting the optical anisotropy of α-MoO3.
The mid-infrared (mid-IR) region of the electromag-
netic spectrum is relevant for a number of applications[1]
in the areas of medical diagnostics[2, 3], thermal
imaging[4], molecular sensing[5], free-space optical
communication[6], among others. Therefore, there is a
particular interest in the development of mid-IR com-
ponents such as sources, detectors, and other opto-
electronic components[7, 8]. One of the critical challenges
for the development of mid-IR technologies is the minia-
turization of optical components[9, 10]. In particular,
optical components for long and very long wavelength
IR range (i.e., 8µm - 20µm) are relatively less developed
than the mid wavelength (i.e., 3µm - 8µm). For instance,
conventional wire grid polarizers available in the long-
wavelength IR (LWIR) region, are bulky and typically
exhibit around 70% transmission efficiency and 20 dB of
ER[11]. Besides, phase retarders for λ/2 and λ/4 are
mostly available for mid-IR wavelength range only with
the thickness in millimeters. To this end, the newly dis-
covered van der Waals (vdW) materials can enable a new
class of small footprint mid-IR photonic components as
well as their easy integration with conventional platforms
through van der Waals integration[10, 12–15].
Hyperbolic metamaterials (HMM) are a class of
anisotropic materials that have opposite signs of prin-
ciple components of the real part of dielectric permit-
tivity tensor[16]. Hence, HMM behaves like a metal in
one crystal direction and dielectric in the other. This
property has enabled several exciting applications such
as hyperlens, negative refraction, thermal emission en-
gineering, and others[17]. Recently, it has been experi-
mentally demonstrated that orthorhombic molybdenum
trioxide (α-MoO3) possesses biaxial in-plane hyperbol-
icity in the mid-IR[18–20]. Orthorhombic crystal struc-
ture of α-MoO3, are formed by distorted MoO6 octahe-
dra and bounded with vdW forces with three different
lattice constants (a, b, and c)[18]. The in-plane lattice
constants of α-MoO3 have a difference of 7%, resulting
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in a strong in-plane optical anisotropy[21]. Thus, this
intrinsic giant in-plane anisotropy of α-MoO3 can enable
highly efficient and small footprint mid-IR optical com-
ponents such as polarizers and waveplates without the
need for lithographic patterning[22, 23].
In this letter, we examine the optical response of α-
MoO3 thin films as a function of thickness and fre-
quency for the optimization of mid-IR photonic device
(schematically shown in Fig. 1(a)). To evaluate the op-
tical response and performance metrics of thin-film α-
MoO3 on substrate based polarizer and waveplate, we
used the well-known transfer matrix method (TMM) (see
Sec. S1 of supporting information). We further corrob-
orate the results of our analytical model via finite dif-
ference frequency domain (FDFD) numerical simulation
using comsol multiphysics. The optical response of
α−MoO3 in the mid-IR spectral region is dominated by
the optical phonons and its dielectric permittivity tensor
has been shown to follow a Lorentz model[20]:
εj = ε
∞
j
(
1 +
(ωLOj )
2 − (ωTOj )2
(ωTOj )
2 − ω2 − iωΓj
)
(1)
where j represents principle axes direction (i.e. x, y
and z) in the α−MoO3 crystal. The directions x, y and
z correspond to [100], [001] and [010] crystalline direc-
tions respectively. Here εj is the principle component
of dielectric tensor whereas ε∞j , ω
LO
j and ω
TO
j represent
high-frequency dielectric constant, frequency of longitu-
dinal optical (LO) and transverse optical (TO) phonons
respectively. Lastly, Γj represents the line-width of the
oscillations in the respective direction. Real part of the
principle components of the dielectric tensor is plotted as
a function of frequency in Fig. 1(b). The dielectric tensor
reveals hyperbolicity of α−MoO3 from 10 µm to 18 µm.
The material exhibits three Reststrahalen (RS) bands –
the spectral region between LO and TO phonons – in the
range of 545 cm−1 to 1010 cm−1. Bands 1–3 lie in the
range of 545 cm−1 to 850 cm−1, 820 cm−1 to 973 cm−1
and 958 cm−1 to 1010 cm−1, where dielectric constant is
negative along y, x and z directions (i.e. along [001] [100]
and [010] directions) respectively. This property fulfills
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2FIG. 1. (a) Schematic diagram of α−MoO3 on silicon sub-
strate based waveplate. (b) Real part of dielectric permit-
tivity along x, y and z direction of α−MoO3 revealing the
natural hyperbolicity of α−MoO3 in the frequency range of
545 cm−1 to 1010 cm−1. (c) and (d) represent the optical
response of 100 nm thin film of α−MoO3 for x− and y− po-
larized light respectively. The scatter plot in both spectra
correspond to numerical simulation results for the optical re-
sponses of α−MoO3.
the fundamental criterion of desirable material for mid-
IR optical components, as explained later in this paper.
Using the above dielectric permittivity tensor, we de-
velop our TMM model for assessing the optical response
of α−MoO3 as shown schematically in Fig. 1(a). Optical
response for x-polarized and y-polarized components of
incident light on a 100 nm thin film of α−MoO3 has been
shown in the Fig. 1(c)-(d) respectively. A sharp dip is ob-
served in the transmittance spectrum of x-polarized light
(Fig. 1(c)) around 820 cm−1. It is a manifestation of TO
phonons of α-MoO3 along [100] direction due to which
dielectric permittivity along that direction becomes neg-
ative. Hence, it reflects the light at this particular fre-
quency, as shown by the reflectance of x-polarized light in
Fig. 1(c). A similar phenomenon is observed in the opti-
cal responses of y-polarized light where α-MoO3 has high
reflectance at the frequency of TO phonons along [001]
direction (as shown in Fig. 1(d)). A small absorption by
α−MoO3 thin film is also observed, which corresponds
to optical losses in the dielectric material. Our FDFD
simulation results are found to be in excellent agreement
with the results from our TMM model. From this optical
response, it is noticeable that a thin film of α-MoO3 can
reflect light with one state of polarization and pass the
light with the second state of polarization at TO phonon
frequency.
Thickness of the hyperbolic vdW crystal is another vi-
tal parameter that influences the optical response. We
investigate the optical responses as a function of the fre-
quency and thickness, as shown in Fig. 2. Reflectance
of x- and y-polarized light, with the frequencies greater
FIG. 2. (a)-(c) correspond to the reflectance, transmittance,
and absorbance, respectively, of α-MoO3 for y− polarized
light as a function of thickness and frequency. (d)-(f) repre-
sent the reflectance, transmittance, and absorbance, respec-
tively, of α-MoO3 for x− polarized light as a function of thick-
ness and frequency. The scatter plots in absorption color plots
correspond to Fabry Perot modes of α-MoO3 film.
than TO phonons, increases with the increasing thick-
ness (Fig. 2(a)&(d)). This is consistent with increased
reflectance from a thicker metallic film. Contrary to re-
flectance, the transmittance of x- and y-polarized light,
with frequencies greater than TO phonons, decreases
with the increasing thickness (Fig. 2(b)&(e)). Further-
more, several sharp dips in the reflectance color plot
are observed, for both x- and y-polarized light, below
their respective TO phonon frequencies (Fig.S2 of sup-
porting information). At the frequency of dips in the
reflectance color plot, strong peaks are observed in the
absorbance and transmittance color plot. This feature is
more clearly visible in the absorbance color plot shown
in Fig. 2(c)&(f). Since dielectric permittivity of α-MoO3
just below the TO phonon frequency is significantly large,
the thin film of α-MoO3 works as a Fabry-Perot cavity
in the mid-IR spectral region resulting in the observed
discrete absorption modes. An analytical model in Eq. 2
suggests (see Sec. S2 of supporting information) the rela-
tion between frequency, thickness, and order of the Fabry
Perot mode. In Eq. 2, Kj = 1
εj∞
(mpicd )
2, m is order of the
mode, c is speed of light in free space and d the thickness
of α-MoO3 film. The analytical prediction from Eq. 2, as
shown in Fig. 2(c)&(f) for the different absorption modes
of Fabry-Perot cavity, are in excellent agreement with the
3FIG. 3. (a) Extinction ratio (in dB) of α-MoO3 as a function
of thickness and frequency.(b) Figure of merits (i.e. Transmis-
sion efficiency and Extinction Ratio) of α-MoO3 based polar-
izer in RS band 1 at different thicknesses. (c)-(d) corresponds
to the transmittance of x− and y− polarized light respectively
at a frequency of 546 cm −1 as a function of thickness and α
– orientation of the optical axis of α-MoO3 with respect to
the polarization plane of linearly polarized light.
results from our TMM model:
ω2 =
((ωjLO)
2 +Kj)−
√
((ωjLO)
2 +Kj)2 − 4Kj((ωjTO)2)
2
(2)
With the above-given understanding of the
polarization-dependent optical responses of α-MoO3
films, we first explore their potential for application to
mid-IR polarizers. To characterize such a polarizer, we
define two well-known figures of merit – transmission
efficiency and extinction ratio (ER), the latter being
given by the formulae:
ER = 10 log(Tx/Ty) (3)
Here, T x and T y are transmittances of x-polarized and
y-polarized light. The ER at 546 cm−1 and 820 cm−1 for
100 nm thin film of α-MoO3 are found to be around 24
dB and 19 dB respectively which is remarkable for a 100
nm thin-film based polarizer. The figures of merit (i.e.,
ER and transmission efficiency) for α-MoO3 based polar-
izer as a function of thickness are shown in Fig. 3(a)-(b)
respectively. For the thickness of few microns (1 µm -3
µm), we observe an enormous ER of around 200 dB and
190 dB at the frequency of 546 cm−1 and 820 cm−1 re-
spectively which is ascribed to strong in-plane anisotropy
of α-MoO3 thin films[18]. Next, we estimate the fre-
quency bandwidth of the polarizer for various thicknesses
of α-MoO3 in RS band-1 by considering transmission ef-
ficiency and ER thresholds of 70% and several tens of
dB respectively as shown in Fig. 3(b). A 3000 nm thin
α-MoO3 film based polarizer exhibits a frequency band-
width of 117 cm−1 ( 3.24 µm), 80 cm−1 ( 2.34 µm), and
FIG. 4. (a) shows the phase difference(δ) between x− and
−y component of transmitted light due to incidence of lin-
early polarized light and (b) corresponding ellipticity(e) as a
function of thickness and frequency. (c)-(d) corresponds to
phase difference and ellipticity, respectively, at the optimum
thicknesses for half-wave plate application. (e)-(f) represents
the phase difference and the ellipticity, respectively, at the
optimum thicknesses for quarter-wave plate applications.
56 cm−1 ( 1.71 µm) from 545 cm−1 at ER thresholds of 30
dB, 40 dB and 50 dB respectively (shown in Fig. 3(b))
with more than 70% transmittance. The performance
metrics of α-MoO3 based polarizer at other thicknesses
are tabulated in the supporting information. Further-
more, the transmittance of x- and y- polarized light at
546 cm−1 is calculated as a function of polarization angle
(α), which depicts the transmittance of linearly polarized
light through parallel and perpendicular to the polar-
ization axis of the crystal and demonstrates the Malus’
law[24]. This study suggests the optimized range of thick-
ness for an efficient mid-IR polarizer is 1500 nm to 2500
nm. These studies prove that one can design excellent
mid-IR polarizer from α-MoO3 thin films in RS band 1.
Our study further reveals poor transmission efficiency of
mid-IR polarizer from α-MoO3 thin films in RS band 2
(see Fig. S3 in supporting information) limiting its oper-
ational region to RS band 1 only.
Next, we explore the prospect of α-MoO3 thin films for
mid-IR wave-plate applications. Fig. 4(a) shows that α-
MoO3 thin film can produce a phase difference of pi/2 and
pi between both components of transmitted light which
is a fundamental requirement for a quarter waveplate
(QWP)and half wave-plate(HWP). However, the ellip-
4ticity color plot in Fig. 4(b) suggests elliptical and lin-
early polarized transmitted light from α-MoO3 thin film.
From the color plot, the optimum thickness range for the
HWPs is found around 2200 nm to 2400 nm, where from
the ellipticity of transmitted light (shown in Fig. 4(b))
we ascertain that we obtain linearly polarized output.
Ellipticity is evaluated as a function of thickness and fre-
quency using the following relation [25, 26]:
e =
1 + s
√
1− 4 sin2 δ · t2xt2y(t2x+t2y)2
1− s
√
1− 4 sin2 δ · t2xt2y(t2x+t2y)2
(4)
where s = −1 when t2y−t2x < 0 otherwise s = 1. tx and ty
are absolute value of transmission coefficient of x− and
y− component of transmitted light. Here δ = δy − δx
represents the phase difference between y and x com-
ponent of transmitted light. With this definition, the
logarithmic value of ellipticity has been considered to in-
vestigate the properties of transmitted light. Fig. 4(c) re-
veals the achromatic phase retardation property– phase
retardation is relatively independent of wavelength (fre-
quency) – of α-MoO3 thin film at the thickness of 2200
nm and 2350 nm. The frequency bandwidth for achro-
matic HWPs with the retardation tolerance of ±0.5◦ in
phase difference is found around 105 cm−1 ( 3.86 µm)
(from 555 cm−1 to 660 cm−1). This result also un-
veils another exotic property of α-MoO3 – achromatic
retardation– which is generally attained using combina-
tion of multiple waveplates[27–29]. We further validate
the phase difference results from the TMM model with
FDFD simulation (shown as scatter plot in Fig 4(c)),
which is found to be in good agreement. The large val-
ues of log(e) shown in Fig. 4(d), indicate almost linearly
polarized output. The peaks in the ellipticity spectra
correspond to the frequency at which the phase differ-
ence is exactly pi. At the phase difference of pi, major
axis of polarization ellipse (represented by denominator
of Eq. 4) become negligible, resulting in the large value of
ellipticity which are observed as a peak in the ellipticity
spectra for different thicknesses of α-MoO3.
For application to QWP design, we found that a 10
nm thin α-MoO3 film can produce a phase difference of
90◦± 0.5◦ with a broad spectral range from 700 cm−1 to
750 cm−1. However, the fabrication of such small thick-
ness of single crystal α-MoO3 might be difficult using
traditional vapor deposition approaches [30]. The band-
width of QWP decreases with increasing thickness of α-
MoO3 as shown in Fig. 4(e). The scatter plots in Fig. 4(e)
correspond to the FDFD numerical simulation results for
phase difference substantiating the results of our TMM
model. Furthermore, ellipticities of transmitted light for
the various thicknesses are found smaller than 1, indicat-
ing the elliptically polarized transmitted light. Moreover,
it has been observed that α-MoO3 does not possess ad-
equate phase difference in RS band 2 for the application
of HWPs and QWPs (See Fig. S3 in supporting infor-
mation) and therefore, its operational spectral range is
limited to RS band 1 only. These studies reveal the po-
tential of α-MoO3 thin films for application to phase re-
tarders. A 2300 nm α-MoO3 film acts like half waveplate
over a broadband of 555 cm−1 to 660 cm−1 (∼ 2.86µm)
and 100 nm thin film acts as a elliptical polarizer from
743 cm−1 to 758 cm−1 ( ∼ 260 nm) frequency range.
In conclusion, our theoretical investigations of the opti-
cal responses suggest that the recently explored naturally
hyperbolic material – α-MoO3 – exhibits several exotic
phenomena due to strong in-plane birefringence and hy-
perbolic nature in the mid-IR spectral region of light.
We show that these properties can be harnessed to de-
sign optical devices such as mid-IR polarizers and phase
retarders with sub-wavelength thickness. We presented
the design of a high performance α-MoO3 based mid-IR
polarizer with an ER of more than 30 dB and transmis-
sion efficiency of 70%, without the need for lithographic
patterning. We also optimized thin-film of α-MoO3 to
function as an achromatic half waveplate and an ellip-
tical quarter waveplate in the bandwidth of 555 cm−1
to 660 cm−1 and 740 cm−1 to 760 cm−1 respectively.
Our analysis and optimization reveals the potential of α-
MoO3 as a lithography free alternative for miniaturized
mid-IR optical components.
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